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SUMMARY

Iron-chromium-aluminum (FeCrAl) alloys are of interest to the nuclear materials
community due to their resistance to high temperature steam oxidation under
accident conditions. The present work investigates oxide formation at temperatures
relevant to light water reactor cladding operation following extended aging to
assess growth kinetics, chemical composition, and microstructure of oxide
formation on a commercial FeCrAl alloy, Fe-21wt.%Cr-5wt.%Al-3wt.%Mo
(Kanthal APMT). Aging treatments were performed for 100-1000 hours in
stagnant air at 300, 400, 500, and 600 °C, respectively. Oxide growth behavior
under the investigated conditions follows a logarithmic time dependence. When
the oxidization temperature is 400 °C or below, the oxide is amorphous. At 500
°C, isolated crystalline regions start to appear during short period aging time and
expand with extended exposures. Crystalline a-Al,O; oxide film develops at 600
°C and the correlated logarithmic rate constant decreases significantly, indicating
enhanced oxidation resistance of the formed oxide film. In addition, Mo
segregation at grain boundaries has been observed when the aging temperature
exceeds 500 °C. The results of this study can be viewed as an upper bounding
result for potential oxide coarsening during reactor operation
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PROGRESS IN THE DEVELOPMENT OF FISSILE
CERAMIC COMPOSITE FUELS: UO,/UN

1. INTRODUCTION

Iron-chromium-aluminum (FeCrAl) alloys have seen limited historic use as light water reactor
(LWR) applications, but modern interest in technologies capable of improving performance under accident
conditions has renewed investigation of this family of alloys [1, 2]. The benefit to accident behavior
accomplished by replacement of reference zirconium alloy with FeCrAl cladding is principally due to its
improved resistance to high temperature steam oxidation [3]. A number of efforts are underway to better
understand the behavior of FeCrAl with respect to the evolution of mechanical properties under irradiation
[4], corrosion behavior [5], and other aspects relevant to fabrication, licensure, nuclear reactor service, and
eventual utility deployment of this cladding concept.

One item that remains of consequence to use of FeCrAl as LWR cladding is tritium permeation.
Tritium generation occurs in pressurized water reactor (PWR) coolant following neutron absorption by
boron when used as a reactivity control. Use of gadolinium as a reactivity control in boiling water reactors
(BWR) minimizes tritium production in the coolant. Either LWR variant will experience tritium production
in the fuel itself. Potential tritium diffusion through the cladding and into the primary coolant poses an
operational concern, as the increased tritium inventory in the primary coolant directly impacts the
radiological consequence of coolant leaks or venting and will have implications to worker dose during
operation. This is true of both PWR and BWR designs, but BWRs are more sensitive to increases in coolant
radioactivity since the turbine system will come into direct contact with any coolant contaminants.

The high mobility of tritium in stainless steel cladding alloys (e.g. 304) relative to reference
zirconium has been well studied, and the body of experimental data been recently expanded to include
FeCrAl alloys specifically. Hu et al. demonstrated that as-fabricated FeCrAl alloys possess hydrogen
permeability higher than 304 and roughly two orders of magnitude greater than conventional zirconium
cladding alloys [6]. This data was then incorporated into models of tritium activity in both PWR and BWR
cores confirming that use of a FeCrAl cladding alloy instead of zirconium would have an appreciable impact
on coolant tritium activity for both PWR and BWR designs.

Hu et al. also propose a possible mitigation strategy to relieve this concern. A range of coating and
metallurgical solutions are capable of acting as tritium barriers, but the most intriguing is alumina (a-Al,O3).
In addition to extremely low tritium permeability [7], AL,O; could be conceivably grown on the surface of
FeCrAl alloys due to the aluminum present in the alloy itself. Hu et al. demonstrated the potential of this
approach by oxidizing FeCrAl in air at 1100 and 1200 °C for 1.5-2 hours resulting in Al,O5 layers of 0.6 to
1.9 pm thick. This thickness of oxide was then demonstrated to significantly reduce tritium permeation.

A dedicated heat treatment under such a condition would be one option to generate a tritium barrier,
but such elevated temperatures may not be economical for cladding in mass production. Another possibility
suggested by Hu et al. is the native coarsening of an oxide on the inside of a FeCrAl cladding. This has
been hypothesized to occur through the oxygen activity that evolves during burn up for UO,. However,
very little is known regarding the kinetics and structure of oxide formation on FeCrAl at temperatures
relevant to LWR cladding operation. Literature studies have either focused on high temperature steam
oxidation [3] or elevated temperature oxidation in high oxygen environments [8, 9]. These studies, while
typically limited to less than 100 hours, report that a-AlO; is not observed below 700 °C. This is
significantly higher than cladding temperatures observed during normal LWR operation. If heat treatments
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above 900 °C are required, significant and non-recoverable grain growth would be expected in FeCrAl
alloys of interest to LWR applications [2].

The present study investigates oxide formation at temperature relevant to LWR cladding operation
following extended aging to assess the effective kinetics and character of oxide coarsening on a commercial
FeCrAl alloy, Fe-21wt.%Cr-5wt.%Al-3wt.%Mo (Kanthal APMT). Aging treatments were performed for
100-1000 hours in static air at 300, 400, 500, and 600 °C, respectively. These samples were then analyzed
using transmission electron microscopy (TEM) to study the thickness, microstructure, and chemical
composition of the surface oxide. These observations facilitate discussion of the potential for either heat
treatments performed during cladding fabrication or oxide coarsening during reactor operation to mitigate
tritium diffusion through FeCrAl cladding alloys.
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2. EXPERIMENTAL METHODS

A 3.175 mm plate of advanced powder metallurgical, dispersion strengthened Kanthal APMT was
purchased from Goodfellow Corporation (Coraopolis, Pennsylvania, USA). Chemical analysis of the as-
received material was performed to independently verify the as-reported composition. Oxygen and nitrogen
contents were measured using the inert gas fusion technique (TC-436, Leco Corporation, St. Joseph, MI,
USA). Carbon concentration was determined using combustion infrared detection (CS-200, Leco
Corporation, St. Joseph, MI, USA). All other alloy components reported in Table 1 were measured using
direct current plasma emission spectroscopy (SpectraSpan VI, Beckman Instruments, Andover, MA, USA).

Table 1. Alloy compositions determined by inert gas fusion technique (TC-436, Leco Corporation,
St. Joseph, MI, USA), combustion infrared detection (CS-200, Leco Corporation, St. Joseph, Ml,
USA), and direct current plasma emission spectroscopy (SpectraSpan VI, Beckman Instruments,
Andover, MA, USA).

Elements Fe Cr Al Mo Y Hf Ti C N O
APMT

70.07 2220 4.35 2.90 0.18 0.14 0.02 0.036 0.047 0.060
(Wt.%)
APMT
(at.%) 66.55 22.71 8.57 1.61 0.11 0.04 0.02 0.016 0.18 0.2
./0

The stock plate was cut into Smm x 3mm x 100mm strips by electrical discharge machining (EDM).
The strips cut by EDM were subsequently sectioned into Smm x Smm x 3mm coupons with a diamond
metal bond wafering blade in cutting lubricant on a precision low speed saw. The samples were mounted
in crystal bond on a steel polishing plate and polished on all surfaces with silicon carbide grinding pads up
to 1200 (P-4000) grit. Following polishing, samples were washed in acetone to remove any remaining
crystal bond. Samples were then placed in methanol and loaded into an ultrasonic bath for 5 minutes.
Sample mass was measured to = 0.01 mg (Mettler Toledo, Model # XS205); sample dimension were
measured to + 0.001 mm (Mitutoyo Digimatic Indicator, Model # ID-C125EXB).

Muffle furnaces were used to expose the samples to 300, 400, 500, and 600 °C stagnant air. The
set point was calibrated to + 5°C using a witness thermocouple prior to sample insertion. The samples were
placed in Al,O; boats. The samples were removed at temperature at 100, 200, 300, 400, and 500 hour time
increments. Additional exposures for 1000 hours at 500 and 600 °C were performed using the same
methodology. The samples were weighed prior to testing and following removal from the furnaces. While
no mass gain was measured beyond the error of the balance, each sample appeared to have grown an oxide
film, even at the 100 hours mark. Fig. 1 illustrates the different appearance of the samples with increasing
temperature.
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Figure 1. APMT samples exposed to 300-600 °C for 400 hours compared to a reference, control
sample.

TEM was utilized to study representative foils taken from the cross section of the oxide layer and
underlying substrate. Sample preparation was performed with a dual Focused Ion Beam (FIB) (Helios
Nanolab DualBeam, FEI). Foil location was taken from the surface of the APMT sample away from any
edge or vertex of the sample. The final cleaning step was performed with beam current of 50 pA and a
voltage of 10 keV, in which FIB induced damage is minimized. The oxide microstructure, thickness and
the elemental distribution as a function of depth across the oxide and in the subsurface zone was measured
in an FEI Tecnai F30 field emission TEM equipped with a PHENIX energy dispersive X-ray spectrometer
(EDX or EDS) detector. The combined error of EDS analysis is limited to +2%. The typical microstructure
of the studied APMT alloy with correlated diffraction pattern is present in Fig. 2. The adjacent substrate
has recrystallized to a depth of ~ 750 nm, which is likely due to alloy surface preparation as reported
previously [5].

Figure 2. (a) TEM micrographs of APMT alloys. In the subsurface zone (~ 750 nm beneath the
surface), lamellate grains with ~ 50 nm in height and a few hundred nm in width dominate. (b)

Correlated diffraction pattern with no sign of texture.
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3. RESULTS
3.1 Oxidation at 300C

Fig. 3a presents the microstructure of the oxide film and underlying APMT substrate. The top layer
is platinum (Pt) deposited during TEM sample preparation. A higher magnification micrograph is present
in Fig. 3b and the thickness of the oxide is 13.0 + 0.5 nm. The oxide formed at 300 °C is amorphous without
any sign of crystallinity. Fig. 3¢ presents the high angle annular dark field scanning TEM (HAADF-STEM)
image, which is highly sensitive to atomic-number contrast. The thickness measured from the STEM image
agrees well with that measured from the bright field TEM micrograph. Multiple EDS lines were performed
across the oxide film to ensure repeatability, and the correlated chemical elemental profiles are displayed
in Fig. 3d. The oxide layer is mainly composed of Cr and O with close 1:1 stoichiometry. At the
APMT/oxide interface, slight Fe segregation and Cr depletion is detected. Note that the Pt is deposited
during TEM sample preparation process. It has no relationship with the oxidation behavior of APMT alloys.
Thus the corresponding chemical profile is not presented in the subsequent EDS analysis.

Fe

60

40

20 ¢

Concentration (at.%)

0 : 0 ¥
0 20 40 60 80 100
Distance (nm)

Figure 3. (a) Microstructure of the oxide following 100 hours at 300 °C. (b) TEM micrograph with

higher magnification uncovers the thickness of oxide is about 13 nm. (c) HAADF-STEM image and

(d) EDS chemical profiles across the oxide.

A cross-sectional TEM micrograph and corresponding chemical analysis of the oxide developing
at 300 °C aging for 500 hours is shown in Fig. 4. The microstructure of APMT substrate does not change
significantly by compared to the 100 hour anneal. The correlated oxide layer still remains amorphous, and
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the thickness slightly increases to about 14.4 + 0.4 nm (as labeled in Fig. 4b). EDS line scanning (in Fig.
4c) indicates that under current oxidation condition, the concentration of Fe and Cr in the oxide are
comparable and amorphous FeCr oxide is the major product. It is noted that limited O signal has been
detected in the Pt layer. This may be due to the absorption of oxygen atoms at TEM foil surface.

h !
80 120 160 200
Distance (nm)

Figure 4. (a) Cross-sectional TEM micrograph with (b) higher magnification image of the oxide

formed at 300 °C for 500 hours. (c) Corresponding EDS line scanning profiles across the oxide.

3.2 Oxidation at 400C

Oxidation behavior of APMT at 400 °C for 100 hours is similar to that at 300 °C. Fig. 5ais a
representative bright field TEM image, and Fig. 5b is taken at higher magnification. The oxide film
thickness is 16.3 +£ 0.7 nm. The HRTEM image (not shown here) again found that the oxide is fully
amorphous. The HAADF-STEM image is presented in Fig. Sc and reveals similar morphology compared
to the 300 °C oxide. Multiple EDS line scans were made across the oxide layer at different locations. The
corresponding chemical element profiles are plotted in Fig. 5d. The peaks of Cr and O concentrations are
clearly observed in the oxide, indicating formation of Cr oxide. Fe concentration decreases from the
substrate APMT side to the oxide, and a small Fe peak appears near the oxide surface, indicating Fe
enrichment at the oxide surface.
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(a)

20 40 60 80
Distance (nm)

Figure 5. Cross-sectional TEM micrograph with (b) higher magnification image of the oxide
formed at 400 °C for 100 hours. (c) HAADF-STEM image and (d) EDS chemical profiles across the

oxide.

At 400 °C, when the exposure time has been increased to 500 hours, the microstructure of APMT
adjoining to the oxide changes; nanoscale voids with a diameter of approximately 10 - 30 nm are observed
beneath the oxide layer. Fig. 6a shows the microstructure of substrate APMT and the oxide, and Fig. 6b is
the magnified image of the region labeled by the blue dashed box in Fig. 6a. Blue arrows label the position
of voids. The oxide film still remains amorphous, and the thickness increases to 17.8 £ 0.6 nm. In HAADF-
STEM image, the specimen regions containing voids tend to scatter fewer electrons in comparison to fully
compacted part, and thus are illuminated to be darker. In Fig. 6¢c, a distribution of dark dots, correlated to
the voids, are found to adhere to APMT/oxide interfaces at the APMT side. Corresponding EDS line
scanning profiles are configured in Fig. 6d. The Cr and Fe distribution in oxide is not uniform. A peak of
Cr and a peak of Fe are present at the inner and outer parts of the oxide, respectively. Aluminum enrichment
in the oxide region is negligible at this condition.
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Figure 6. (a) Cross-sectional TEM micrograph with (b) higher magnification image of the oxide

formed at 400 °C for 500 hours. (c) HAADF-STEM image and (d) EDS chemical profiles across the
oxide.

3.3 Oxidation at 500C

When the oxidation temperature is increased to 500 °C, Mo segregation at grain boundaries is
observed. In Fig. 7a, as labeled by blue arrows, the contrast at grain boundaries slightly changes, and the
boundaries are thicker, but less defined, than comparable images collected at lower temperatures. The same
observation is apparent in the HAADF-STEM image (in Fig. 7b). The correlated EDS line scan across the
internal grain boundaries exhibits significant Mo enrichment and Fe depletion at the boundary. In addition,
the chemical composition of the oxide changes in comparison to lower temperatures. An Al EDS peak is
clearly present within the oxide and is accompanied by an increase in the concentration of oxygen. Fig. 7d
and 7e are magnified HAADF-STEM and bright field TEM images, respectively. The thickness of oxide
layer is 29.7 £ 0.3 nm. Fig. 7f is the HRTEM image. Although most of the oxide is amorphous, sparsely
distributed crystalline particles with a-Al,O3 lattice structure are detected at APMT/oxide interface.
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Figure 7. (a) Bright field TEM and (b) HAADF-STEM micrographs of the oxide formed at 500 °C for
100 hours. (c) EDS chemical profiles across the internal grain boundary and the oxide. The oxide
thickness has been measured in both (d) HAADF-STEM and (e) bright field TEM images with

higher magnification. (f) HRTEM image highlighting crystalline particles with a-Al,O; lattice
structure.

When the oxidation time is extended to 1000 hours, voids appear in oxides. Fig. 8a presents the typical
microstructure of the oxide at 500 °C aging for 1000 hours. Voids with a variety of diameters (10 - 40 nm)
are probed inside the oxide film. It is noted that the location is different from former scenario of 400 °C
oxidation, which indicate a different growth mechanism. The oxide thickness is 31.0 + 1.6 nm. In
comparison to the microstructure of the oxide formed during short aging time, a greater percentage of the
oxide is crystalline in the 1000 hour anneal. As shown in Fig. 8b, most of oxide becomes crystalline a-
AlLOs. Fig. 8c is the HAADF-STEM image and Fig. 8d is the corresponding EDS line scan across multiple
grain boundaries and the oxide. Correlated with Mo enrichment and Fe depletion at grain boundaries, Cr
segregation is observed as well. The chemical analysis uncovers the multilayered structure of the oxide: Al
concentration peak is present at the inner boundary, while Cr and Fe peaks in the outer region of the oxide.
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Figure 8(. a) Bright field TEM and (b) HRTEM micrographs of the oxide formed at 500 °C for 1000
hours. (c) HAADF-STEM image and (d) EDS chemical profiles across the internal grain boundaries
and the oxide.

3.4 Oxidation at 600C

Fig. 9a is the microstructure of APMT oxidized at 600 °C for 100 hours. The thickness of oxide is
measured to be 34.3 = 1.3 nm. Inside APMT substrate, except for Mo segregation at grain boundaries,
sparsely dispersed nanoscale precipitates with a diameter of 100 to 300 nm start to form. As shown in Fig.
9f, these particles are Mo enriched but Fe depleted. In comparison to matrix composition, Cr is slightly
depleted in these precipitates. The lattice structure of the surface oxide is shown in Fig. 9c. The oxide is
identified to be a-Al,O;. The scenario of Mo segregation at grain boundaries can clearly be seen in the
HAADF-STEM image with dramatically different contrast at boundary regions (Fig. 9d). The chemical line
scan of the oxide is shown in Fig. 9e. In contrast to the previous cases, the concentration of O in oxide
increases significantly. The multilayered structure oxide forms with Al enrichment at the inner and Cr, Fe
enrichment in the outer region of the oxide.
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Figure 9. (a) Bright field TEM and (b) higher magnification TEM micrographs of the oxide formed
at 600 °C for 100 hours. (¢) HRTEM image to show the atomic configuration of the oxide film. (d)
HAADF-STEM image and (e) EDS chemical profiles across the oxide. (f) HAADF-STEM image of

Mo enriched particle formed internal APMT substrate and corresponding EDS analysis.

When the aging time is extended to 1000 hours, the microstructure of both APMT substrate and
the surface oxide layer change significantly. Fig. 10a is the bright field TEM image and Fig. 10b is a more
highly magnified image of the oxide. In contrast to the oxide film formed at 100 hours, a high density of
voids are captured at oxide/APMT interface. The thickness of the oxide increases to 48.5 + 1.4 nm. Fig.
10c is the HAADF-STEM image. Both Mo segregation at grain boundaries and the formation of Mo
enriched precipitates are labeled. The correlated chemical profiles across the precipitates and oxide are
present in Fig. 10d. It is noted that these precipitates are Mo enriched, but Fe and Cr are depleted in
comparison to matrix composition. The chemical scan of the oxide layer is magnified in Fig. 10e, and
multilayered configuration is established as well: Al is enriched in the inner region and Cr and Fe are
enriched at the outer region of the oxide.
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Figure 10. (a) Bright field TEM and (b) higher magnified TEM micrographs of the oxide formed at

600 °C for 1000 hours. (c) HAADF-STEM image and (d) EDS chemical profiles across Mo enriched
particle and oxide. The chemical scan of the oxide layer is magnified in (e).
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4. DISCUSSION

4.1 Oxidation Kinetics

Fig. 11 shows oxide thickness growth curves for APMT in stagnant air at 300 - 600 °C. The
oxidation rate is rapid initially but slows due to the formation of protective oxide scales. Different from the
former high temperature studies performed in dry O,, here the oxidation kinetics follows logarithmic time
dependence. It is noted that the minimum oxidation time in our experimental setup is 100 hours, which is
far beyond the initial oxide growth stage and exposure times typical of higher temperature investigations.
However, minimal oxide coarsening is observed in the 300 and 400 °C anneals regardless of exposure time.
It is not until the temperature reaches 500 °C that oxide coarsening is observed to affect the native oxide
thickness.
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Figure 11. Oxide thickness as a function of aging temperatures and time.

The logarithmic rate model has been initiated by Mott[10, 11], and further elaborated by various
groups with different assumptions[12-16]. Generally, the work required to bring an electron from the metal
into the oxide (¢) is high for the oxide films formed on Al or Cr. That is to say, it is at least greater than the
work required to bring a positive ion from the metal to an interstitial position in the oxide. We thus expect
the growth of oxide films on APMT in current conditions to follow Mott’s earlier model, in which electron
tunneling through the oxide film is the rate determining step. The logarithmic rate equation for the growth
of oxide films can be expressed by

Kt
x = x, In(—+ const.),
X
0
where x is oxide thickness, t is the time, K and x, are constants.
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The logarithmic law of growth gives a practically negligible rate of coarsening above a certain
thickness. To some extent, the constant x, is correlated to the magnitude of the obtainable maximum oxide
thickness under measured environments. The larger X, is, the larger the magnitude of the obtainable
maximum oxide thickness. On the other hand, K is the logarithmic rate constant, correlating to oxide growth
rate. The magnitude of K may be considered as an indication of how good the oxidation resistance is for
the formed oxide film. The calculated constant x, and K values on the logarithmic growth model in our
studies are shown in Fig. 12. When the temperature increases to 600 °C, the obtainable maximum oxide
thickness increases accordingly. It is noted that the corresponding oxidation resistance is enhanced
significantly, indicating that the oxide formed at 600 °C is extraordinarily different from the film formed
at lower temperatures. This is consistent with our TEM observations.
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Figure 12. Calculated values of the logarithmic rate constant K and x,.

4.2 Evolution of Oxide Microstructure/Morphology at Various
Temperatures

With extended aging time and elevated aging temperatures, the surface oxide morphology changes
from amorphous to crystalline. Specifically, under conditions of the present investigation, amorphous oxide
develops at 400 °C or below, while crystalline oxide films have formed at 600 °C. 500 °C seems to fall in
the transition temperature region, across which the microstructure of oxide changes. At 500 °C, isolated
crystalline regions have been detected during short aging period, but continuous crystalline films are
observed following extended aging.

Correlated with the evolution of oxide microstructure, the chemical composition changes as well.
When the aging temperature is low (400 °C or below), the concentration of Cr and O are comparable in
oxide with negligible amount of Al. Only when the temperature increases to 500 °C or above does Al
concentration peak start to appear, and it is always located at inner side of the oxide. Meanwhile, the oxygen
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concentration has increased slightly at 500 °C but significantly at 600 °C, which is correlated to the
formation of crystalline a-Al,Os. Josefsson et al. reported a marked decrease in the concentration of Fe and
Cr within the oxide with increasing temperature when FeCrAl alloys are oxidized in dry O,. However, in
this work appreciable amounts of Cr and Fe are still present in oxide at 600 °C, with correlated concentration
peaks at the outer region of the oxide. At 500 °C or above, Mo segregation at alloy grain boundaries is also
observed. When the temperature increases to 600 °C, Mo enriched precipitates are observed in the vicinity
of grain boundaries. As the present investigation characterized only a single alloy composition, no
conclusions are possible regarding the effect of Mo segregation on oxidation behavior. It is also
hypothesized that the segregation occurs as a result of thermal annealing alone rather than any impact of
oxidation, but this was not investigated further. It is possible that the mechanical properties of APMT may
evolve following the segregation of Mo to grain boundaries. Interpretation of mechanical property
measurements of FeCrAl compositions irradiated for extended times at temperatures above 500 °C may
therefore benefit from further investigation of microstructural evolution following thermal aging in this
family of alloys.

4.3 Comparison to the Oxidation Behavior of Similar FeCrAl Alloys

FeCrAl alloys are known for their superior oxidation resistance up to very high temperatures. In
recent years, the oxidation behavior of FeCrAl alloys with various chemical compositions under different
corrosion environments has been explored. The four key observations and trends are generalized as follows.

(1) Al and Cr concentrations are critical. It is generally accepted that Cr must be present in
order to promote the growth of a-Al,O;. In addition, a close relationship between Al
concentration and oxide film structure has been reported. The study of Fe-Cr(10 wt.%)-
Al(2~8 wt.%) alloys in pure oxygen at 1 atm. pressure over the temperature range 950 —
1050 °C revealed that the lower-aluminum alloys (2—4 wt.% Al) yielded Fe-rich oxide
films, whereas those containing Al in the range of 6—8 wt.% formed a-Al,O; [17].

(i1) High temperature (especially > 1000 °C) oxidation conditions assist the formation of a-
Al 05 [2, 3, 18-28]. Even when the temperature has increased to 1475 °C, a protective a-
Al,O5 film can still be formed on APMT (Fe-22 wt.%Cr-5 wt.%Al-3 wt.%Mo) for a short
period exposure time in both steam and dry air [29]. Below 1000°C, metastable y-Al,Os
and/or 6-Al,0; are also observed [30-32].

(iii) Oxide growth rate is temperature dependent: Air oxidation studies of FeCr(19~21
wt.%)A1(5~6 wt.%) alloys at temperatures in the range of 1000 to 1300 °C found that a
cubic or near-cubic time dependence of the oxidation kinetics prevails [33]. In the range of
900~1050 °C, the rate of oxidation was nearly constant [34], and a parabolic rate law
developed for the temperature range 700~900°C.

(iv) Slight amounts of reactive elements, especially Y, significantly change the oxide film
growth rate, microstructure and correlated adhesion to the substrate [35-40]. However, the
investigation of varying alloy compositions is not the focus of this study.

While the above conclusions are established for oxidation of FeCrAl alloys at elevated temperatures
(> 800°C), investigations of intermediate temperature oxidation behavior of FeCrAl alloys over longer time
periods are limited. Recent in situ synchrotron glancing incidence x-ray diffraction studies uncovered that
at 283-417 °C and 0.158 Pa O, partial pressure (approximately 1 part per million O,), Fe;O4 oxide were
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developed across the entire Fe-Cr(10~45 at.%)-Al(0~5 at.%) composition region [21]. In addition, Fe,O;
peaks were also observed at 353 °C. During hydrogen water chemistry tests (i.e. autoclave testing) at 290-
330 °C, bilayer structured oxide is formed on FeCr(10-15 wt.%)Al(3-5 wt.%) alloy surfaces; a Cr-rich
spinel is developed at the internal region and Fe-rich spinel crystals were formed on its outer surface [5].
The oxide of Fe-21wt.%Cr-5wt.%Al formed at 500 °C in dry O, contains comparable amount of Fe and Al,
with relatively high concentrations of Cr [9]. The concentration of Fe and Cr in the oxide decreases with
temperature. The formation of a-Al,O5 has not been previously observed below 700 °C. Contrary to what
has previously been reported, our investigation found that a continuous crystalline o-Al,O; can be
developed at temperatures as low as 600 °C with evidence of isolated crystalline structure at 500 °C.

As described at very beginning of this paper, the formation of a-Al,O; can potentially be used as a
trittum barrier. Hu et al. demonstrated the viability of 0.6 um and thicker oxide layers in limiting trittum
permeation [6]. According to the logarithmic growth model discussed in 4.1, in 600 °C stagnant air, 10%
years would be required to coarsen a-Al,O3 to 0.6 um. If this thickness is the minimum needed to mitigate
trittum diffusion, aging at this temperature under any oxygen activity either in or out-of-pile will be
ineffective.
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5. CONCLUSIONS

In this work, aging treatments were performed on a commercial FeCrAl alloy, Kanthal APMT, for
100-1000 hours in stagnant air at 300, 400, 500, and 600 °C. The oxide growth behavior under the
investigated conditions follows a logarithmic time dependence. The oxide microstructure changes from
amorphous to crystalline 0-Al,O; with increasing aging temperatures. Mo segregation at grain boundaries
has been observed when the aging temperature is 500 °C or above. The microstructure and growth kinetics
of oxide formation on FeCrAl at temperatures relevant to LWR cladding operation as studied here suggest
that a-Al,O3 coarsening to the extent required to limit tritium diffusion is unlikely unless higher
temperatures are employed.
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